We fabricated high quality Nb=Al 2 O 3 =Ni 0:6 Cu 0:4 =Nb superconductor-insulator-ferromagnetsuperconductor Josephson tunnel junctions. Using a ferromagnetic layer with a steplike thickness, we obtain a 0-junction, with equal lengths and critical currents of 0 and parts. The ground state of our 330 m (1:3 J ) long junction corresponds to a spontaneous vortex of supercurrent pinned at the 0-step and carrying 6:7% of the magnetic flux quantum 0 . The dependence of the critical current on the applied magnetic field shows a clear minimum in the vicinity of zero field. JJs were recently realized using superconductorferromagnet-superconductor (SFS) [3-6] and superconductor-insulator-ferromagnet-superconductor (SIFS) [7] technologies. In these JJs, the sign of the critical current and, therefore, the phase (0 or ) in the ground state, depends on the thickness d F of the ferromagnetic layer and on temperature T [8] . JJs may substantially improve parameters of various classical and quantum electronic circuits [9] [10] [11] [12] [13] . To use JJs not only as a ''phase battery,'' but also as an active (switching) element in various circuits, it is important to have a rather high characteristic voltage V c and low damping. For example, for classical single flux quantum logic circuits, V c defines the speed of operation. For qubits, the value of a quasiparticle resistance R qp at V 0 should be high enough since it defines the decoherence time of the circuits. Both high values of R qp and V c can be achieved by using tunnel SIFS JJs rather than SFS JJs. The dissipation in SIFS JJs decreases exponentially at low temperatures [14] , thus, making SIFS technology an appropriate candidate for creating low decoherence quantum circuits, e.g., qubits [12, 13] .
In his classical paper [1] , B. Josephson predicted that the supercurrent through a Josephson junction (JJ) is given by I s I c sin. Here, is the Josephson phase, and I c > 0 is the critical current. When one passes no current (I s 0), the Josephson phase 0 corresponds to the minimum of energy (ground state). The solution corresponds to the energy maximum and is unstable. Later, it was suggested that using a ferromagnetic barrier one can realize JJs where I s ÿI c sin I c sin [2] . Such JJs obviously have in the ground state and, therefore, are called JJs. The unstable solution 0 corresponds to the energy maximum.
JJs were recently realized using superconductorferromagnet-superconductor (SFS) [3] [4] [5] [6] and superconductor-insulator-ferromagnet-superconductor (SIFS) [7] technologies. In these JJs, the sign of the critical current and, therefore, the phase (0 or ) in the ground state, depends on the thickness d F of the ferromagnetic layer and on temperature T [8] . JJs may substantially improve parameters of various classical and quantum electronic circuits [9] [10] [11] [12] [13] . To use JJs not only as a ''phase battery,'' but also as an active (switching) element in various circuits, it is important to have a rather high characteristic voltage V c and low damping. For example, for classical single flux quantum logic circuits, V c defines the speed of operation. For qubits, the value of a quasiparticle resistance R qp at V 0 should be high enough since it defines the decoherence time of the circuits. Both high values of R qp and V c can be achieved by using tunnel SIFS JJs rather than SFS JJs. The dissipation in SIFS JJs decreases exponentially at low temperatures [14] , thus, making SIFS technology an appropriate candidate for creating low decoherence quantum circuits, e.g., qubits [12, 13] .
Actually, the most interesting situation is when one half of the JJ (x < 0) behaves as a 0 JJ, and the other half (x > 0) as a JJ (a 0-JJ) [15] : In the symmetric case (equal critical currents and lengths of 0 and parts), the ground state of such a 0-JJ corresponds to a spontaneously formed vortex of supercurrent circulating around the 0-boundary, generating magnetic flux jj 0 =2 inside the JJ [15] . In a very long JJ with length L J (Josephson penetration depth), the vortex has the size J and carries the flux 0 =2. These so-called semifluxons [16, 17] are actively studied during the last years [18] [19] [20] [21] [22] [23] [24] [25] [26] . For L & J , the vortex does not ''fit'' into the junction and the flux inside the junction 0 L 2 =8
2 J 0 =2 [18] . In any case, the ground state is degenerate, i.e., may have positive or negative spontaneously formed fractional flux (clockwise or counterclockwise circulating supercurrent) and can be considered as two states (up and down) of a macroscopic spin.
Before, 0-JJs were realized using d-wave superconductors [27] [28] [29] [30] [31] , the semifluxons spontaneously formed at the 0-boundary were observed [32 -34] , and I c B with a minimum at an external magnetic field B 0 was measured [27, 30, 31] . However, the phase shift of in such structures takes place not inside the barrier, but inside the d-wave superconductor. 0-JJs were also obtained (by chance) using SFS technology [35, 36] , but such structures are quite difficult to measure because of the extremely small V c . In Ref. [35] , the presence of spontaneous fractional flux was detected by an auxiliary SIS JJ coupled with the 0-SFS JJ. In Ref. [36] , the I c B was measured using a SQUID-voltmeter.
In this Letter, we present the first intentionally made symmetric 0-tunnel SIFS JJ with large V c , making direct transport measurements of I c B feasible. Our JJ has a ground state with macroscopic current circulating around the 330 m long structure. Such 0, and 0-JJs open a road to self-biased classical and quantum electronic circuits. Moreover, one can study the physics of semifluxons in 0-JJs and their quantum behavior.
The idea of SIFS based 0-JJs is the following. It is known [8] that the critical current of SIFS JJs changes its sign (and the ground state from 0 to ) as a function of the F-layer thickness d F , as shown in Fig. 1 by the continuous line(c.f. Fig. 2 of Ref. [7] or Fig. 1 of Ref. [14] ). By choosing two F-layer thicknesses d 1 < d 2 (e.g.
we fabricate a SIFS structure with a steplike d F x to obtain a 0-JJ sketched inside Fig. 4 .
The SIFS JJs were fabricated using a Nb=Al 2 O 3 =Ni 0:6 Cu 0:4 =Nb heterostructure. All 0, , and 0-JJs were fabricated within the same technological process. First, Nb-Al 2 O 3 bottom layers were fabricated as for usual high j c SIS JJs [14, 37] . Second, we have sputtered an F-layer with a gradient of thickness [37] in y direction. Various structures on the chip were placed within a narrow ribbon along x direction. Such ribbons were replicated along y direction, so that we have the same set of structures for different d F y from 10 down to 2.5 nm over the 4 in. wafer. After the deposition of a 40 nm Nb cap-layer and lift-off we obtain the complete SIFS stack with F-layer thickness d F y, but without steps in d F yet. To produce steps, the (parts of) JJs that are supposed to have larger d F are protected by photo resist. Then the Nb cap-layer is removed by SF 6 reactive rf etching, which leaves a homogeneous flat NiCu surface. About 3 Å (d F ) of NiCu were further Ar ion etched. The above two-step etching and subsequent deposition of a new 40 nm Nb cap-layer were done in situ. Subsequently, the JJs were patterned by a three level photolithographic procedure [38] and insulated by Nb 2 O 5 formed by anodic oxidation after ion-beam etching down to the bottom Nbelectrode.
Each set of JJs (along one ribbon) has JJs of three classes: (a) not affected by etching with F-layer thickness We have measured the critical currents I c of class (a) JJs (filled circles) and class (b) JJs (open stars) with dimensions 100 100 m 2 ( Fig. 1) . For low-transparency SIFS JJs I c d F is given by
where F1;F2 are the decay and oscillation lengths [14] . The coupling changes from 0 to at the crossover thickness d Fig. 1 c increases faster than I 0 c . While cooling down and making measurements at each T, one of the JJs (0, or 0-) after 10 h was eventually trapping some flux that we associate with rearrangement of the domains in the F-layer -I c B was suddenly shifting along the B-axis. After thermal cycling, the same symmetric I c B could be measured again.
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The main experimental result of the Letter is presented in Fig. 3 c is off this domain, e.g., at higher T when the asymmetry is even larger, and the ground state is flat ( 0 in this case), by applying a bias current (even at B 0) or magnetic field, one immediately induces fractional flux in the system. The magnetic field corresponding to our ''semifluxon'' at T 2:65 K is shown in Fig. 4 .
Using a short JJ model, i.e., assuming that the phase x is a linear function of x, we can calculate that the first minimum of the Fraunhofer dependence for a 0 or for a JJ should be at B c1 0 =L 44:6 3:5 T, where the effective magnetic thickness of the JJ 140 11 nm. As we see the experimental value of 34 T is lower by a factor of 1.3 due to field focusing.
In a short JJ model, I
0-c B should look like [27] I 0-
where f = 0 BL= 0 is the applied number of flux quanta through the effective junction area L. This dependence has I 0-c 0 0, two symmetric maxima at I 0-c B m =I 0 c 0:72 and the first side minima at f 2, which should have a parabolic shape touching the B axis. We have some discrepancies between the simple short junction theory (2) and experiment (Fig. 3) .
First, in our experiment the central minimum of I minima of I c B for the 0 or JJs, which is good, but the minima look oblate-shaped and do not reach zero. All these effects can be explained and reproduced numerically by taking into account several additional ingredients. First, the value of I 0-c B at the central minimum is affected by the finite length of the junction, i.e., the deviation from the short JJ model increases I Fig. 3(a) the value of I 0-c B at the minimum is larger than in Fig. 3(b) . If, instead, we assume some weak net magnetization of the F-layer, such that M 0 (in the 0 part) is not equal to M (in the part), we find that I 0-c B shifts along the B axis by M 0 M =2, as seen in Fig. 3 . If we include both assumptions, I 0-c B will also get asymmetric maxima and the characteristic oblate-shape at the first side minima. Details will be presented elsewhere.
In summary, we have fabricated high quality Nb=Al 2 O 3 =Ni 0:6 Cu 0:4 =Nb superconductor-insulator-ferromagnet-superconductor Josephson tunnel junctions. Using a ferromagnetic layer with a steplike thickness, we obtained a 0-junction, which becomes symmetric at T 2:65 K and carries spontaneous flux 0:067 0 in the ground state. The dependence of critical current on the applied magnetic field shows a clear minimum in the vicinity of zero field and is well described by Eq. (2). In essence, our I c B data are the same as for 0-JJs based of d-wave superconductors . This is not surprising since the underlaying model [16 -18] is the same. To our knowledge, our SIFS 0-JJ is the first underdamped tunnel 0-junction based on low-T c superconductors. It can be measured using standard setups due to the rather high characteristic voltage V c . The possibility to fabricate 0, , and 0-JJs within the same process, having the same I c and V c , opens perspectives for application of SIFS technology in complimentary logic circuits [9] , in RSFQ with active junctions [11] , in qubits [12, 13] , as well as for the investigation of semifluxons. Because of exponentially decreasing damping for T ! 0 [14] (c.f. in d-wave based 0-JJs damping is larger and does not decrease exponentially), SIFS 0-JJs are promising devices for observation of macroscopic quantum effects using semifluxons (macroscopic spins) and for semifluxon based qubits [25, 26] .
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